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external forcing and North American hydroclimatic
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Land and sea surface temperatures, precipitation, and storm tracks
in North America and the North Pacific are controlled to a large
degree by atmospheric variability associated with the Pacific North
American (PNA) pattern. The modern instrumental record indicates
a trend toward a positive PNA phase in recent decades, which has
led to accelerated warming and snowpack decline in northwest-
ern North America. The brevity of the instrumental record, how-
ever, limits our understanding of long-term PNA variability and its
directional or cyclic patterns. Here we develop a 937-y-long re-
construction of the winter PNA based on a network of annually
resolved tree-ring proxy records across North America. The recon-
struction is consistent with previous regional records in suggesting
that the recent persistent positive PNA pattern is unprecedented
over the past millennium, but documents patterns of decadal-scale
variability that contrast with previous reconstructions. Our recon-
struction shows that PNA has been strongly and consistently corre-
lated with sea surface temperature variation, solar irradiance, and
volcanic forcing over the period of record, and played a significant
role in translating these forcings into decadal-to-multidecadal hydro-
climate variability over North America. Climate model ensembles
show limited power to predict multidecadal variation in PNA over
the period of our record, raising questions about their potential
to project future hydroclimatic change modulated by this circulation
pattern.
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ecent drought intensification (1, 2) and mountain snowpack

declines (3, 4) have raised concerns about future water
shortages and wildfires throughout western North America, from
the southwestern United States to Alaska (5, 6). Although many
lines of evidence have pointed to the impact of anthropogenic
warming (3, 7, 8), naturally occurring atmospheric variability also
contributes to the observed changes (9-11). It has been sug-
gested that changes in upper tropospheric circulation associated
with the Pacific North American (PNA) pattern (12), in partic-
ular, have played a large role in shaping recent variation in North
American hydroclimate (11, 13-15). For example, changes in
cool-season PNA account for 30 to 50% of the variance in 1
April snow water equivalent or precipitation in the Pacific
Northwest (14-16). A positive PNA pattern is associated with
greater meridional flow due to enhancement of a ridge over the
Rocky Mountains and a trough over the southeastern United
States. This mode leads to warming in northwestern North
America and cooling in the southeastern United States (Fig. 14),
drier conditions in the Pacific Northwest and northern central
California, and wetter conditions in the southwestern United
States and western Great Plains (Fig. 1B). In contrast, the neg-
ative PNA pattern corresponds to more zonal flow, with weather
anomalies opposite those associated with positive PNA.
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Although PNA is recognized as a dominant control on intra-
annual and interannual hydroclimate variability in North America
(17) and may contribute to multidecadal variability via interactions
with other climate teleconnections and forcings (18, 19), in-
strumental records of the PNA are available only since 1948 (12)
and are insufficient to document long-term PNA behavior, its
drivers, and interactions. Longer reconstructions of PNA variability
have been developed from paleoproxy records and historical cli-
mate data. Tree-ring-based reconstructions (hereafter PNATouet)
(19) and ice core records (20) from western North America suggest
a secular trend toward the positive PNA phase since the 1850s,
overlain by periodic oscillations, but cover only the past three
centuries. A millennium-long reconstruction (hereafter PNA,peny)
from lake sediment records (Fig. 1) in the northeast United States
has also been argued to reflect hemispheric patterns of circulation
attributable to PNA variation (21). Although these reconstructions
show reasonably good agreement within the calibration periods,
they often share little resemblance before the instrumental era. For
example, the PNAruer and PNAgypeny indices only share 1.9% of
their variance for the period 1725-1949. Disagreement between
these indices may reflect regional biases of the proxy data assembled
in each study and/or nonstationarity of the relationship between local
climate and large-scale circulation, casting doubt on the capacity for
data from a single PNA-sensitive region to accurately record long-
term changes in this large-scale circulation mode (22, 23).

To address these shortcomings, we develop a reconstruction of
the PNA variability for the past millennium by combining multiple
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this region.
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tree-ring proxy records from different PNA-sensitive regions (24).
Our reconstruction (PNAy;,) provides a robust, long-term baseline
for the interpretation of PNA data from the instrumental era and
documents the evolution of PNA and its environmental impacts
in the preinstrumental era. In addition, our time series supports
comparison with other historical and proxy-based climate system
records, improving our understanding of links between PNA
atmospheric variability and external forcing such as Pacific sea
surface temperatures (SSTs) [El Nifo/Southern Oscillation
(ENSO); Pacific Decadal Oscillation (PDO)] (25), solar activity,
and strong volcanic eruptions.

Proxy Selection and Reconstruction

We present a millennium-long reconstruction of winter (December
through March, the season when the PNA is most strongly
expressed) PNA variability from an array of 29 annually resolved
tree-ring records and ring-based proxy reconstructions that repre-
sent winter PNA fingerprints in temperature and precipitation
across North America (Fig. 1 and SI Appendix, Table S1). Multi-
model (26) (see SI Appendix, Table S2) ensemble reconstructions
suggest that the spatial structure of climate variability associated
with PNA is largely stable over the past millennium (see SI Ap-
pendix, Figs. S1 and S2), supporting the use of spatially proxy net-
works to reconstruct the long-term history of the PNA. We
restricted our analysis to those records that encompass the medieval
period, are precisely dated, and are significantly (P < 0.1) correlated
with instrumental winter PNA index (Methods). Most of these re-
cords have been used previously for reconstructions of interannual
to multidecadal snowpack (3, 15) and drought variability (1, 27)
over North America with a high level of fidelity.

Our reconstruction was developed using a well-tested principal
component regression (PCR) procedure (28). Common com-
ponents of variability among the records were extracted using a
principal components analysis (PCA) and then retained to build
a linear regression model by calibrating on the instrumental
winter PNA index over a period of overlap between proxy and
instrumental records (Methods). The reconstruction explains
55% (P < 0.0001, T = 7.46, neg = 48) of the winter PNA variance
over the instrumental period (Fig. 24) and shows good statistical
skill (Methods; see SI Appendix, Table S2).

PNA Variability and Teleconnections

The reconstructed history of winter PNA over the period 1062—
1998 is presented in Fig. 2B, along with the instrumental PNA
record. Our reconstruction is significantly (P < 0.01) correlated with
existing proxy-based PNA records and with PNA indices derived
from reanalysis and historical data over the common intervals (see
SI Appendix, Table S4), confirming that the reconstruction closely
tracks the upper tropospheric atmospheric signature of the PNA
(Fig. 2 C and D). In contrast to the two previous long-term recon-
structions (PNAqyguec and PNAgpeny) (19, 21), our reconstruction
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Fig. 1. Map of North America showing the loca-
tion of 29 tree-ring proxy records used in this study.
The background color shows the correlations of
the instrumental PNA with (A) temperature from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) Interim Reanalysis (ERA-Interim)
(68) and (B) Global Precipitation Climatology Project
precipitation (69) during the winter (December
through March) for the period 1980-2015. All of the
records cover at least the period 1062-1998 (see S/
Appendix, Table S1). Some symbols have been slightly
displaced to make them visible on the map. The
composite sedimentary record used in PNAy peny is
also shown.

incorporates proxies from both western and eastern North America
and exhibits a much-improved explained variance for instrumental
and historical PNA records (see SI Appendix, Table S4).

Our reconstruction shows significant PNA variation on in-
terannual to interdecadal timescales throughout the period of re-
cord (Fig. 2B). Spectral (29) and wavelet (30) analyses reveal
dominant quasi-periodicities at around 2 to 3, ~19, and ~74 y (see
SI Appendix, Fig. S34). Interannual (~3 y) variability, which is
strongly expressed throughout the instrumental period (31), persists
throughout the past millennium. The 74-y cycle is also a dominant
periodicity and is present during most of past millennium (see S/
Appendix, Fig. S3B). Among the most prominent features our re-
construction shares with previous records (19-21) is a secular trend
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Fig. 2. (A) Instrumental (red line) and reconstructed (blue line) winter PNA
indices for the calibration period 1950-1998. (B) Winter PNA reconstruction
(thin blue line; 1062-1998 values standardized relative to the calibration pe-
riod) along with instrumental PNA index (red line). The cyan shading around
the reconstruction shows two-sided 95% bootstrap confidence intervals (see S/
Appendix), and the thick blue line represents a 70-y cubic smoothing spline. (C
and D) Spatial correlations of the winter 500-hPa geopotential height field (70)
with (C) instrumental and (D) reconstructed PNA indices during the period
1950-1998. Only areas with significance at the P < 0.05 level are shown in color.
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toward a positive PNA phase since the 1850s, which is punctuated
by a decade-long PNA minimum centered on the 1950s followed by
a rapid rise in the late 20th century. Our reconstruction clearly
shows that the extreme positive state of the PNA pattern charac-
terizing the late 20th century (1980-1998) is unprecedented during
the past 1,000 y (see SI Appendix). Before the 1850s, multidecadal
periods of extreme negative PNA phase were centered on 1140,
1230, 1350, 1450, 1580, 1670, and 1750.

PNA,;, is significantly correlated with a 500-y reconstruction
of cool-season 500-hPa geopotential height fields (32) over the
Pacific and North America sectors (PNAwise; 7 = 0.36, P <
0.0001, T = 8.08, ng = 440). In the low-frequency domain, both
indices show many common peaks and troughs, with pronounced
minima around 1670, 1750, and 1860 (Fig. 34). Our recon-
struction shows less similarity with PNAp,peny at interannual
timescales (r = 0.13, P < 0.001, T = 3.14, n.s = 577). Both records
show some centennial-scale intervals dominated by positive or
negative anomalies, but PNA;, exhibits less low-frequency vari-
ability than PNAgypeny, and there is little concurrence in these
patterns among the two records (Fig. 3B). Multidecadal periods
centered on ca. 1120, 1170, 1360, 1400, 1500, 1640, and 1700 are
characterized by substantial, opposite-signed shifts in PNA phase as
reconstructed by the two methods. Another prominent contrast
between the records is the stronger expression of intermediate-
frequency signals (such as the ~19- and ~74-y variability) in
PNAy;, (Fig. 3B). Although these differences may arise from a
number of sources, bias and/or noise resulting from additional
non-PNA influences (e.g., increased dating uncertainty back in
time for composite sedimentary records (33, 34) and local cli-
mate) on regional proxy records are a likely contributor. These
biases should be minimized by the use of a spatially distributed
network of records in PNAy;, (see SI Appendix, Table S4).

We compare PNAy;, with proxy-based reconstructions of SST
modes that affect North American climate today. PNA ;, shows
some broad similarity to a PDO index reconstruction (35),

although the two records are not significantly correlated (r = 0.18,
P> 0.1, T=0.75, nese = 19 for 11-y moving averages; Fig. 3C), and
is significantly correlated with reconstructed Nifio 3.4 index values
(36) (r=0.41, P < 0.05, T = 2.58, neg = 35 for 11-y moving averages;
Fig. 3D). The nature and relative strength of these correlations
resemble relationships observed between instrumental PNA and
PDO/ENSO records, suggesting that modulation of the PNA pha-
ses by Pacific SSTs, observed in the instrumental era, is probably a
persistent feature over the past millennium.

The dominance of positive PNA anomalies since ca. 1800 is
linked to an enhanced Aleutian Low (AL) over the North Pacific
(see SI Appendix, Fig. S4), leading to intensified meridional circu-
lation over North America. The strongest multidecadal periods of
negative PNA;, anomaly occur in the late 17th to mid-18th cen-
turies, coinciding with a weaker AL during the height of the Little
Ice Age (LIA) (SI Appendix, Fig. S4). This suggests that peak LIA
cooling was characterized by a more zonal circulation over North
America (37), in contrast with earlier suggestions that the LIA was a
period of more meridional circulation (38). The strong negative
PNA pattern during the LIA may be associated with strong negative
PDO or La Nina conditions (Fig. 3 C and D) and may have con-
tributed to anomalously high snowpack (3) and glacial advance (39)
in the northern Rocky Mountain region. Previous studies have
suggested the occurrence of a persistent positive North Atlantic
Oscillation (NAO) state (40) or negative PDO (35) during the
Medieval Climate Anomaly (MCA). We find no evidence of such a
state in the PNA and ENSO reconstructions (Fig. 3).

Interannual to interdecadal variability in PNAy;, is also well
matched with fluctuations in Palmer Drought Severity Index
(PDSI) reconstructions (1) from the western United States (r =
0.33, P < 0.001, T = 9.65, neg = 764 for annual averages and r =
0.43, P < 0.01, T = 3.05, ng = 43 for 11-y moving averages; Fig. 3E).
Our full reconstruction shares some records in common with the
millennial PDSI reconstructions, which may artificially strengthen
this correlation, but a rarified reconstruction retaining only records

Fig. 3. Comparison of our PNA reconstruction with
other proxy reconstructions and climate model sim-
ulations. Our reconstruction (black line) along with
(A) PNAwise derived from reconstructed cool-season
| 500-hPa geopotential heights (32), (B) PNAubeny (21),
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(C) PDO index (35), (D) Nifo 3.4 index (36), (E) area-
averaged PDSI (1) for the western USA (25°N to 45°N
and 120°W to 95°W; see SI Appendix, Fig. S7), and (F)
ensemble mean PNA index across seven CMIP5 simula-
tions. All records are shown as 11-y moving averages

Year AD
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relative to the period 1500-1980 except for the PNA
reconstruction—simulation comparison (70-y moving
averages) shown in F.
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not included in the PDSI work independently confirms the
PNA-PDSI correlation (see SI Appendix, Table S1 and Fig. S5).
Major historical droughts including the Medieval Drought (1)
(around 1150), the Dust Bowl of the 1930s, and the severe 1950s
drought in the western and southwestern United States are co-
incident with low PNA{ ;, anomalies (see SI Appendix, Fig. S6).

In addition to its direct impact on winter storm tracks and
snowpack, the positive wintertime PNA pattern is normally as-
sociated with a northward displacement of the subsequent summer
anticyclone over western North America, leading to wet summer
conditions in the southwestern United States (41) (see SI Appen-
dix, Fig. S7). Reconstructed North American hydroclimate vari-
ability over the past millennium features a leading spatial mode
similar to the modern PNA/PDSI pattern, with widespread
droughts centered on the American southwest and opposite con-
ditions in the Pacific Northwest (11, 15, 27) (see SI Appendix, Fig.
S7). Together with the strong PNA/PDSI time series correlation
demonstrated by our record, this similarity in spatial pattern re-
construction supports a strong linkage between PNA-associated
circulation changes and western North American hydroclimate
throughout the past millennium (21).

Although SST variability (e.g.,, ENSO and PDO) has long been
recognized as a main driver of western North American drought (1,
42), our PNA reconstruction explains slightly more multidecadal
variance (19%) in the PDSI record than do ENSO (13%, P < 0.0,
T =259, neg = 47) or PDO (12%, P < 0.05, T = 2.05, neg = 32)
reconstructions. This strong correlation between PNAA and PDSI
appears to agree with recent simulations that highlight the role of
atmospheric circulation variability in driving western North American
droughts (9, 10). The positive trend of winter PNA in recent decades
has led to warmer temperatures in northwestern North America (43,
44) due to enhanced southwesterly flows (45) and compressional
heating (46), resulting in more winter precipitation falling as rain
instead of snow and in earlier spring snow melt. These effects, in
conjunction with accelerated warming, have led to unusual snowpack
declines (3, 14, 15), drought (6), wildfire (47, 48), and even changes in
forest phenology (46) across parts of western North America.

Comparison with Model Simulations

To determine the extent to which climate models independently
replicate the observed fluctuations in PNA pattern over the past
millennium, we calculate PNA indices from seven CMIP5 model
simulations (see SI Appendix). The simulated winter PNA indices
for individual models share little similarity with each other and
with PNAy;, (see SI Appendix, Fig. S8). In the low-frequency
domain, the model ensemble shares some similarity, but is not
significantly correlated, with our PNA index reconstruction (r =
0.63, P > 0.1, T = 1.41, neg = 5 for 70-y moving averages;
Fig. 3F). Both the models and proxy reconstruction suggest
positive PNA anomalies since the late 1800s, with increasing
strength toward the present. Periods of strong negative PNA
anomaly during the LIA are common to the model and proxy re-
constructions, although the timing of these periods within the LIA is
not consistent. A previously recognized discrepancy between mod-
eled and reconstructed PNA in the early nineteenth century (24) is
strongly expressed in the comparison with PNA{ ;,. The general lack
of agreement between the proxies and models may suggest that this
small ensemble of models is not accurately capturing last millen-
nium internal variability as expressed by the PNA pattern.

External Forcing of PNA Variability

PNA variability is driven by both internal atmospheric dynamics
and external forcings. Observational studies suggest that ENSO
variability in the equatorial Pacific can produce Rossby wave
propagation from the tropical Pacific to the extratropics, directly
exciting a PNA-like pattern with a positive (negative) phase during
El Nino (La Nifia) (49). The 2- to 3-y periodicity identified in our
PNA reconstruction falls within the conventional modern ENSO
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band (2 y to 7 y), which, together with significant correlation (r =
0.28, P < 0.001, T = 7.93, neg = 741) between reconstructed PNA
and Nifno 3.4 indices, suggests that ENSO may be a source of in-
terannual PNA variability over the past millennium.

The observed PNA variability on interdecadal timescales may
similarly be forced by PDO, which has modern frequencies of
15y to 25y and 50 y to 70 y (25), or by a low-frequency com-
ponent of ENSO (19). Given these PNA teleconnections, pe-
riods of strong La Nifla- and negative PDO-like SST anomalies
during the LIA could have contributed to a negative PNA pat-
tern during this interval. In contrast, the persistent positive PNA
anomaly since the late 1800s may be due partly to strengthening
of El Nino (36) (Fig. 3D). The establishment of unprecedented
positive winter PNA index in the late 20th century also closely
parallels the human-induced rise in greenhouse gas (GHG)
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Fig. 4. PNA response to external forcings. (A) Modeled NPI (-PNA) variability for
different radiative forcings in CSIRO Mk3L (52) and reconstructed PNA index
(PNA;,; black line). All are shown as 70-y moving averages. (B) Total solar irradi-
ance anomaly (54) (ATSI; red line) and PNA index (blue). Well-known solar minima
are labeled. The PNA is smoothed using 70-y spline. Orange and blue shading
indicate 1 SE and 95% confidence level, respectively. (C) Composite PNA response
to the 14 strongest volcanic eruptions (see S/ Appendix, Table S5). The average
over different volcanic eruptions is shown at a range of lag times, e.g., with lag
1 indicating the first winter after the eruption. Dashed lines show the 10 to 90%
confidence intervals derived from 1,000 Monte Carlo simulations (Methods).
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concentrations, implying that human activity may be forcing the
increasingly positive state of the PNA pattern (50, 51). This
theory is supported by a set of last-millennium model experi-
ments (52) (Methods), in which greenhouse forcing causes a
deepened AL (measured by the North Pacific Index (12), NPI;
Fig. 44), akin to the condition during the positive phase of PNA.

Changes in radiative forcings such as solar irradiance and strong
volcanic eruptions are also important drivers of climate variability
over the last millennium (53). Analysis of circulation changes and
non-GHG radiative forcing over the last millennium may provide
some support for linking these forcings to PNA variation. However,
the above-referenced last-millennium model experiments show little
improvement in fit to PNA;;, when solar irradiance and volcanic
forcings are added to orbital and greenhouse influences (Fig. 44).
The PNA reconstruction itself demonstrates a weak (not significant,
P > 0.1) antiphased relationship with reconstructed total solar ir-
radiance anomalies (54) (ATSL Fig. 4B). Short-term solar minima
(maxima) typically correspond to maxima (minima) in PNAp;,,
supporting a similar association previously observed in observations
(55) and the three-century PNAryoue reconstruction (19). The in-
fluence of volcanic forcing on PNA is more strongly supported in the
PNAy;, record. A superposed epoch analysis (56) of PNAy;, re-
sponse to the strongest 14 volcanic eruptions (see SI Appendix, Table
S5) during the past millennium shows that positive PNA anomalies
are consistently observed during the first posteruption winter (P <
0.1; Fig. 4C). A similar relationship was previously documented for a
small number of eruptions during the 20th century (57, 58).

Together, these results suggest a strong and consistent re-
lationship between changing radiative forcing and Northern
Hemisphere midlatitude circulation over the past millennium. The
dynamics underlying this relationship remain debated but may
involve stratospheric—tropospheric dynamics or related cloud
feedbacks (59, 60) that amplify small solar and volcanic signals and
influence the position and strength of the AL and the PNA pat-
tern. PNA circulation changes thus provide a mechanism linking
multiple radiative forcings to structured, spatially heterogeneous
variation in climate and drought across North America during the
period of our analysis and, potentially, in the future.

Conclusions

Our reconstruction of a winter PNA index from a distributed
network of proxy records documents PNA variability and dy-
namics during the past millennium. Results indicate that, on
interannual and interdecadal timescales, the PNA interacts with
Pacific SST, solar, volcanic, and GHG forcings to modulate
North American hydroclimate variability. The recent positive
PNA pattern is unprecedented over the past millennium, likely
aggravating snowpack decline (14, 15), drought (6), and wildfire
(48, 61) across parts of the northwestern United States and mod-
erating drought conditions in the southwestern United States (21).
The PNA reconstruction not only provides a framework for un-
derstanding North American hydroclimate variability but also pro-
vides a benchmark for evaluating model simulations of the PNA
(24), raising questions about the ability of current models to accu-
rately predict future hydroclimate change in the region.

Methods

Proxy Record Selection and Processing. Proxy records of North American
hydroclimate (temperature, precipitation, drought, moisture balance, and
stream flow) were obtained from public repositories (e.g., International
Tree-Ring Data Bank https:/www.ncdc.noaa.gov/data-access/paleoclimatol-
ogy-data/datasets/tree-ring) or by direct request from the authors. The
29 tree-ring proxy records used in this study meet three criteria: They (i)
provide continuous records supported by at least five replicate ring-width
measurements spanning the period 1062-1998, (ii) are precisely dated and
have annual resolution, and (iii) are significantly (P < 0.1) correlated with the
instrumental PNA index (Fig. 1; see S/ Appendix, Table S1).

The records were not subjected to additional postprocessing and reflect
the original data provided by the authors. Although the use of different

3344 | www.pnas.org/cgi/doi/10.1073/pnas.1618201114

processing and detrending methods may influence the preservation of low-
frequency signal in the individual records, we defer to specialist decisions on the
appropriateness of processing methods for each record. Variation in processing
likely adds some random noise to the composite reconstruction, but any imparted
bias should be minimized by the large number of records used.

PNA Reconstruction. The reconstruction was developed using a (28) PCR
procedure similar to that previously used in NAO reconstruction (62). Indi-
vidual records were standardized over the period 1062-1998 and used to
build a time—space data matrix. A PCA was performed on the standardized
records to create a set of orthogonal principal components (PCs). There is no
universally agreed upon procedure for selection of the optimal number of
PCs to retain. We used the Kaiser-Guttman rule (63) and scree graphs (64) to
select the first 10 PCs, which cumulatively explain 90% of the variance in the
dataset. We regressed the instrumental PNA index on these PCs and retained
components that were significantly correlated with the index for the final
model. These were the first, second, third, seventh, and eighth PCs, with the
first, second, and seventh PCs significant at P < 0.05 and the third and eighth
PCs significant at P < 0.10 and P = 0.28, respectively.

Validation Tests. The model was trained over the full (1950-1998) 49-y interval of
overlap between the instrumental PNA index and tree-ring proxy records.
Considering the relatively short duration of the instrumental record, we did not
adopt the widely used split calibration/validation scheme (28). Instead, we vali-
dated our reconstruction against three sets of independent, preinstrumental
PNA records. First, we compared our reconstruction with PNA index values cal-
culated from the Twentieth Century Reanalysis version 2 (20CRv2) (65) and the
European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis
(ERA) Twentieth Century reanalysis (ERA-20C) (66) for the period 1901-1949.
Second, two expressions (NPlops and NPljones see SI Appendix, Table S3) of the
winter North Pacific index (NPI, a surrogate for the PNA index, see below) based
on instrumental climate records were used to validate our reconstruction for the
periods 1900-1949 and 1873-1949, respectively. Third, a reconstructed PNA in-
dex (67) based on historical station data, which has been well validated, was
compared with our reconstruction for the period 1922-1949. Reconstruction
validity was assessed using Pearson’s correlation coefficient, reduction of error
(RE) and coefficient of efficiency (CE) statistics (see S/ Appendix, Table S3), which
strongly support the validity of the reconstruction.

Radiative Forcing and PNA Response. To evaluate the response of the PNA to
different radiative forcing mechanisms, the output from a set of sensitivity
experiments using the Commonwealth Scientific and Industrial Research
Organization (CSIRO) Mk3L (52) was analyzed. The model experiments in-
clude last-millennium simulations run with the cumulative addition of or-
bital, GHG, solar and volcanic forcings (three ensemble members each;
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/gcmoutput/phipps2014/). Because
only surface climate fields are available, we use monthly resolution mean
sea level pressure fields to calculate the North Pacific Index (NPI), which is
defined as the area-weighted sea level pressure over the region 30°N to
65°N, 160°E to 140°W (12). The NPI serves as a surrogate for the PNA index,
as evidenced by the correlation of —0.90 between the winter mean NPI and
PNA indices for the period of 1950-1998 (see S/ Appendix, Table S4).

Superposed Epoch Analysis. \We performed a superposed epoch analysis (56) to
determine the response of the PNA to each strong volcanic eruption over the
past millennium (see S/ Appendix, Table S5). We took the years of eruptions as
"key dates.” We then sampled the reconstructed PNA index time series using
an 11-y window centered on the key date (i.e., five data points on either side
of the key date). The extracted windows were stacked to form an “eruption
matrix.” The statistical significance of the average PNA response to the
eruptions was determined using a Monte Carlo approach, in which the analysis
was repeated 1,000 times using randomly selected years for key dates. We
compared reconstructed PNA index values for each year in the eruption matrix
with the 10 to 90% percentile levels of the Monte Carlo distribution.
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